Introduction
Several different methods such as an oil analysis or/and different electrical measurements are available to perform the condition assessment of oil filled transformers. The estimation of the dielectric parameters of oil-paper insulation takes an important part of existing methods. The measurement of the dielectric response can be performed in the time or/and frequency domain [1, 2, 3] .
The experimental results and modelling of the dielectric response in the time domain for transformer diagnostic known from the literature show high sensitivity of the results to the change of the basic material properties such as conductivity [4] . As it shown in [5] the moisture and contamination tend to increase the conductivity of the solid and liquid dielectric in the transformer.
According to [6] the use of the measurement methods in the time domain show advantages especially for the condition assessment of complex transformer geometries.
The measurement of dielectric response in the field conditions requires reliable solutions and technique to be able to minimize the influence of the surround conditions in the field and to reduce also the time needed for diagnostics.
The new approach (PCRV) is based on combination of the measurements of the polarisation current (PC) and recovery voltage (RV). Figure 1 presents basic principle of the method and shows different stages of the measurement procedure. In the first step the polarisation of the dielectric is performed so that a DC voltage up to 2500 V is applied for about 1800 s and the polarisation current is measured. In the second step the dielectric is shorted via short circuit impedance to discharge the geometrical capacitance. The duration of the second phase is typically few seconds. And in the third step the recovery voltage is recorded.
The combination of the results obtained from polarisation current and recovery voltage allow to estimate several parameters such as insulation resistance, time constants and conductivity of the dielectric components used in the insulation. As it will be described below the total duration of the dielectric measurements is less as one hour.
For the most of the presented investigations the measurement instrument [7] was coupled to the low voltage terminals of transformer and high voltage terminals and the transformer tank were grounded (LV-All test setup).
To avoid the influence of the remaining voltage between different tests an automatic procedure has been applied and the transformer was grounded till acceptable voltage level was reached.
Measurements on transformers
The dielectric response measurements have been performed on transformers from different manufacturers with different age, power and ageing conditions. The table below provides a short overview about the main transformer data. All three units have relative low power rating and are used in the distribution network in different industrial companies. Due to relatively low price of the low power transformers as presented above in comparison with transformers in 110 kV network and above, is it not typically practice to apply several sophisticated diagnostic methods to estimate the condition of such transformers. For condition assessment of such small power units are typically used: ratio, winding resistance and insulation resistance measurements at 15 s, 60 s and partly also at 600 s.
Presented method PCRV also allow to perform a precise estimation of the insulation resistance values from the polarisation current measurements. The Figure 2 presents corresponding results for three units.
The recording of the whole curve allows to detect significant difference between units especially in the first part of curve. The Table 2 present the results of the measurement of the insulation resistance and corresponding absorption coefficients derived from the performed polarisation current measurements shown above in the Figure 2 . The transformer TR2 shows also high absolute values for the insulation resistances as other both units, but the corresponding values for absorption coefficient and PIIndex have reduced values. The Figure 3 presents the results of the recovery voltage measurements on all three units and also allows a clear differentiation between all three transformers.
The Table 3 below shows recovery voltage parameters (U m , t m , s and p-factor) estimated from measuring curves presented in the Figure 3 . As it can be seen in the table, the main difference between three units is that the maximum of the voltage is reached significantly earlier for transformers TR2 and TR3 and TR3 has higher maximum value for recovery voltage.
The using of the classical parameters and even of the such parameter as p-factor [8] do not allow to distinguish between the singular effects of the aging of the oil or solid insulation and more situated for cable diagnostics.
Influence of the measuring setup
The results of the dielectric measurements on transformers depend on several factors such as geometrical characteristics of the tested object, properties of the dielectrics (oil and solid insulation), temperature and measuring setup.
All the named above parameters could lead to significant change of the measured curves and therefore to overlapping with ageing effects in the insulation. Both setup configurations such as HV-All and LV-All allow to measure response in the main insulation of the transformer. In the third configuration HV,LV-All only the distances between windings to ground are measured and the main insulation is not included.
Due to different design and correspondingly different geometry of the transformers the measured curves could differentiate in dependence on the measuring setup. This effect can be observed in the figures 4 and 5.
In the present paper the results of the measurements for the selected setup LV-All are presented and discussed.
Modelling of the recovery voltage curves
As shown above there is a need to estimate additionally diagnostic parameters especially from recovery voltage curves for better differentiation between the investigated units.
For real data recovery voltage graph our goal is to represent it using sum of the different series exponential equations with the variables.
(1)
where U r (t) is the recovery voltage (V) varying with time.
The variables U i and the time constants  i =R i C i in the above equation are determined by using Gauss-Newton algorithm.
Description of Gauss-Newton algorithm
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n, which indicates number of data points U r(i) (t) = Measured recovery voltage data (V)
Due to DC exponential step response of RC element modeling we took nonlinear exponential curve fit for the recovery voltage response is modeled by f(t i , U i ,  i ), which is dependent on following variables like input time t i , voltage across individual capacitors U i and their time constants  I , e i indicates the residual error which can be minimized after every iteration of the Gauss-Newton algorithm.
For simple understanding we are approaching the following simplified notation:
equation is: Measured data fit = Curve fit + Residual error.
With the knowledge of Newton-Raphson method, via Taylor series expression we are able to find the unknown variables, which helps us to fit the measured data into series of the modeled exponential function forms.
Taylor series
Higher order terms
Here we considered up to 3 terms only. Expression f(x i ) j+1 represents modeled function value at the (j+1) th iteration at i th data point, we are repeating the iterations until modelled function is very close to measured data.
At (j+1) th iteration measured data equals to curve fit with negligible residuals
We can represent the n point's partial derivative equations (PDE) into simplified one line equation as a matrix form as below
Where we give simplified notation to
We use one matrix to represent the partial derivative values which we name it as [Z j ] indicates Jacobian matrix like in the following
indicates the function partial derivative value with respect to U 1 at i th data point. Similarly, other terms can be understandable.
contains difference in previous iteration voltage or time constants and will be updated in the new iteration values respectively This is for three exponential terms only. Similarly, we can use it for any number of exponential terms.
Matrix 
T transpose of Jacobian matrix, above equation on both sides 
According to the above presented modeling approach for the recovery voltage curves the measuring data have been analyzed and approximated with 2 and 3 elements of the Maxwell equivalent circuit.
In the most cases an approximation with only 2 elements and in some cases a fitting with 3 elements provides a satisfied matching of the measured curves as it can be seen in the pictures 6, 7 and 8. 
Estimation of the conductivities
As soon the corresponding time constants are estimated, the further parameters can be calculated.
One of the mainly important parameters is the conductivity of the oil and solid insulation as it shown in the following formulas below. Table 4 presents the results of the modelling and calculation for three transformers for measuring configuration LV-All. As it is shown in Table 4 , the values for oil conductivity are significantly higher for TR2 and TR3 as for TR1, which has the value corresponds to new oil level. And also the values for conductivities for the solid insulation are higher as for the unit TR1.
Using the achieved results it is much easier to perform the follow up of the ageing of insulation and to differentiate between both dielectrics.
Conclusions
This paper presents a novel method PCRV to assess the condition of the transformer insulation. The polarization current measurements at voltages up to 2500 V it is possible to calculate the traditional Insulation resistance, capacitances and absorption coefficients.
The performed analysis of the recovery voltage measurements with the nonlinear exponential modelling allow to distinguish the insulation properties between oil and solid Insulation via time constants correlated to their individual conductivities. The proposed approach is also applicable to large power transformers.
The presented results are showing that the measurements in the time domain by using of the new approach can provide a reliable diagnostic of the transformers. It is shown how the effects of the fluid and solid insulation can be distinguished and used to detect the aging process.
